Centrifugal turbomachines of smaller sizes operating at higher speeds have become pervasive due to the increased specific power and reliability achieved by improvements in manufacturing, materials and computational methods.
Introduction
Ported shroud (PS) casing treatment is one of the most widely used passive flow control 1-3 strategies in centrifugal compressors for delaying the onset of surge by recirculating the low momentum fluid that blocks the blade passage back to the compressor inlet and thereby, enhancing the stable flow region of the compressor operation -without requiring the control logic 4 of active devices such as variable geometries. A number of investigations in the past 3 and recent times 5 are focused on understanding the mechanism of these recirculation losses and potential means to minimise them. The other, less researched aspect of the ported shroud design is its impact on the acoustics of the compressor.
The early work on the acoustics of small centrifugal compressors was driven by automotive and turbocharger manufactures given the product sensitivity to the acoustic emission, specifically to broadband noises identified by an onomatopoeia like 'whoosh' 6, 7 9 provided an inclusive frequency range of 4-12 kHz for the whoosh noise. An inclusive frequency range is used by some authors 6, 9 to identify broadband characteristics by conflating 'whoosh' noise which is observed within plane wave range with the so called Tip Clearance Noise (TCN) 10, 11 seen outside the plane wave region. Furthermore, tonal features like Rotating Order (RO) tones or 'buzz-saw' tones 10, 12 and Blade Pass Frequency (BPF) are consistently identified in literature and are shown to be associated with the sonic conditions 12 at the leading edges of the impeller.
Mendonça et al. 13 presented a numerical campaign to model the acoustic characteristics of the compressor which served as the basis for the investigations of Broatch et al. 14, 15 . Furthermore, an exhaustive evaluation of the various numerical parameters for predicting flow-induced noise in compressors is presented by Sharma et al. 16 . Researchers at KTH 5, 17, 18 numerically investigated a compressor with PS casing treatment to gain insights into the flow dynamics specifically near surge and complimented the results with flow visualisation data 19 acquired using Particle Image Velocimetry (PIV).
The literature on the acoustic impact of casing treatment is scarce, and the general perception 20, 21 is that the casing treatment deteriorates the acoustic spectra of the compressor. Chen and Yin 20 and Chen and Lei 21 pointed out the 'noise issue', specifically BPF, as the reason for the limited use of casing treatment in the compressors used in the turbochargers of passenger cars without providing any evidence for these claims.
Recent studies 22,23 on the acoustic impact of casing treatments presented some interesting and contrary results. Dehner et al. 22 experimentally investigated the impact of PS casing treatment and observed a decrease in the overall noise levels at the inlet duct for design operation despite increased tonal content by using casing treatment. For near surge or low flow conditions, an increase in the overall noise levels was seen at the inlet. The spectrum measured at the outlet duct for the PS compressor showed little difference at near surge conditions while a decrease was again seen at the design conditions. It is worth pointing out that the casing treatment used in this work decreased the stable flow region of the compressor rather than increasing it. Fardafshar and Koutsovasilis 23 explored the impact of the PS by modelling the near-field spectra of compressors with and without casing treatment at near surge and choke conditions. The results showed higher noise levels for the compressor without casing treatment for near surge operation while lower noise levels for the same compressor were seen for choke operation. The current investigation aims to further understand the impact of the casing treatment on the acoustic emission of a compressor for the design and near surge conditions of the investigated speed line.
Methodology
The impact of the PS casing treatment on the flow and noise characteristics was established by modelling and comparing compressors with and without the casing treatment, as shown in This investigation focused on predicting the differences between the two compressor configurations in the ranges sensitive to the human ear (0.5-10 kHz 32 ) that were observed in the experimental measurements 33 . In order to achieve this, a numerical configuration based on the Stress Blended Eddy Simulation (SBES) 34 include the inability to accurately capture the overall levels and decay rates. However, since this work focuses on numerically predicting the differences between the two configurations, rather than the absolute values; the aforementioned numerical set-up was the computationally optimal choice 16 .
Turbulence was initialised as isotropic with curvature correction in the regions where the Reynolds averaged method was used. The working fluid in the compressor was assumed to be air behaving as a perfect gas with the ideal gas law modelling the fluid behaviour and Sutherland's law approximating the dynamic viscosity.
The impeller motion was modelled using the Rigid Body Motion (RBM) approach, also known as sliding mesh in which the mesh actually rotates every time-step at the transient rotor-stator interface 24 . A steady boundary condition, as a combination of the total pressure at the inlet and mass flow rate at the outlet, was prescribed in this work. The walls were modelled as smooth with no-slip boundary conditions. As a first approach an adiabatic model was chosen, although it must be noted that models for estimating the impact of heat transfer are available 35, 36 if desired.
The convective terms were discretised using a blend of 
Assessment of the numerical configuration
The ability of the numerical configuration to yield meaningful aerodynamic and acoustic predictions was assessed by comparing numerical results with the corresponding experimental measurements. A twostep validation approach was followed in which both performance parameters and pressure spectra predicted by the numerical models were assessed against experimental data. It is worth pointing out that the variables used to compute these performance and The measured thermodynamic variables of each state were then used to compute compressor performance parameters viz. total-to-total pressure ratio Π t−t and isentropic efficiency η s as shown in Eq. 1. Further details on the gas stand measurement are described in Sharma et al. 12, 37 .
The relative difference between experimental and numerical data was quantified using a relative deviation ε value, which for a generic variable ϕ, can be defined as
The global performance parameters for the compres- The acoustic measurements were carried out in a flow bench facility hosted in CMT -Motores Térmicos 38 .
The schematics of the test rig along with the position of various sensors is shown in Fig. 5 . In addition to the sensors positioned in the inlet and outlet ducts, the instrumentation to measure the noise generated by the impeller using two miniaturised pressure probes positioned in the inducer and diffuser of the compressor are also highlighted in the figure. Further details on the flow bench and measurement methodology are already presented in Sharma et al. 33, 39 . Fig. 10 . The blocked configuration is observed to generate higher noise levels at both inducer ( Fig. 10-left) and diffuser ( Fig. 10-right) locations. In the measured The spectra of the outlet duct are similar to the spectra of the diffuser probes with higher noise levels for the blocked configuration beyond 0.5 kHz while similar or lower levels are observed below 0.5 kHz.
Results and discussion

Impact on near surge operation
Broadband elevations in the region of 0.8-1.5 kHz and 
Impact on design operation
The mean flow field on the axial plane of the two compressor configurations operating at the design condition is shown in Fig. 6 (top) . The flow in the compressor for the two configurations is similar, with a smooth reduction of the area caused by the PS cavity observed for both cases. The average velocity of the flow going into the impeller is higher in the blocked configuration as 'push and pull' on the fluid at the PS slot 12 is not present.
Although insignificant differences in the average pressure and velocity distribution inside the impeller are observed for the two cases (see Fig. 12 ), higher entropy and thereby losses are observed in Fig. 13 (left) for the open configuration. This higher entropy along with the losses in PS cavity corresponds to the lower isentropic efficiency for the open case as compared to the blocked case and is in line with the performance results presented in Tab. 1. Furthermore, the Mach number distribution for the two cases are also alike as observed in Fig. 13 (right) . The inducer and diffuser spectra for the two configurations operating at the design conditions are presented in Fig. 14 
Conclusions
In 
